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Measurements of the X-ray ux, electron ux and spec-
trum are presented with the aim of evaluating the usefulness
of ionization sensitive single particle detectors in the imme-
diate environment of an RF cavity. The measured uxes are
found to be roughly consistent with �eld emission of electrons
followed by one generation of bremsstrahlung photon produc-
tion, with absorption and scattering of the �nal photons and
electrons in the cavity and vacuum chamber structure.

I. INTRODUCTION

The production of x rays by rf cavities is well known [1]
[2]. This x-ray ux generally represents a signi�cant radi-
ation dose and produces the requirement that rf cavities
must be surrounded by thick concrete shielding during
tune up and operation.
In muon cooling and other applications it has become

desirable to consider using rf cavities near sensitive ion-
ization detectors. The operation of single particle detec-
tors near such cavities is di�cult because the low energy
electrons and x-rays can be both highly ionizing and pen-
etrating, and could produce a troublesome background
in detectors. This paper outlines the mechanism of x
ray production in high energy cavities and presents mea-
surements of the spectrum and scaling laws which should
permit estimates of uxes in cavities of di�erent geome-
tries.

II. X RAY PRODUCTION MECHANISMS

X ray production from rf cavities results from
bremsstrahlung produced from dark current electrons
hitting the body of the cavity and nearby solid compo-
nents. This x-ray ux is then attenuated by both the
production material and by transmission through any ex-
ternal structure. The electron ux would be inuenced
by low energy beam optics along the beam axis, however
the x-rays could scatter and penetrate freely. Although
many measurements of the overall x ray dose have been
made as part of radiation protection and cavity condi-
tioning programs, there has evidently been little need for
speci�c knowledge of the spectrum of x rays produced or
their dependence on cavity parameters.

A. Cavity Parameters

The parameters of a range of cavities useful for muon
cooling can be approximated by assuming that these cav-
ities operate with a local electric �eld equal to some mul-
tiple, (perhaps 3), of the Kilpatric limit, Ek(f), for the
appropriate frequency f . Assuming a reasonable cavity
length, l, permits one to determine the optics of elec-
trons, most of which cross the gap and gain a kenetic
energy Ee � 3Ekl. The �rst line of the table gives the
numbers for the cavity used in the test.

TABLE I, Cavity Parameters
f l 3Ek Ee re

MHz m MV/m MeV cm

1300 0.02 96.6 2.4 0.19
805 0.06 78.6 4.2 0.33
400 0.15 58.5 8.2 0.65
200 0.30 44.4 12.5 1.00
70 0.80 30.0 22.1 1.75

The dark current electrons from single gap cavities and
the x rays they produce tend to be comparatively low
energy. At these low energies, the total electron track
lengths (range), re, are important, since the ranges (at
0.13 - 1.3 radiation lengths) not large enough to permit
development of an electromagnetic shower, but are large
enough to produce bremsstrahlung at signi�cant depths
in a copper structure. These low energy electrons are usu-
ally described in terms of the critical energy, Ec, where
the electron range equals one radiation length, and ra-
diation and ionization energy loss terms are equal. In
copper, this critical energy is 21.5 MeV, and the radia-
tion length, LR, is 1.43 cm. Dark current electrons which
pass through many cells can have a much higher energy
and may begin to have signi�cant showers.
At low energies, showers are suppressed both by the

small probablility of bremsstrahlung, (roughly re=LR)
and the comparatively high photoelectric absorption co-
e�cients for low energy photons, thus only the �rst gen-
eration of a shower would be expected to be signi�cant.

B. Field Emission

Dark current electrons are produced by tunneling
through the electrostatic potential at the surface of the
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metal, �rst described by Fowler and Nordheim in 1928 [7]
[8], and experimentally checked in 1953 [9]. The equation
for the emitted current density, j, in A/m2 is

j(E) =
AFN (�FNE)2

�
exp(�

BFN�
3=2

�FNE
);

where E is the electric �eld in MV/m, � is the work
function of the material in eV, with AFN = 1:54� 106,
BFN = 6830, and � is a term that expresses the en-
hancement of the local electric �eld at the presumeably
pointlike emitter compared with the average electric �eld
at the surface. In principle �E can be a high multiple of
the average electric �eld E. The electrons produced by
this mechanism could be ampli�ed by multipactoring.

C. Electron Bremsstrahlung

The spectrum of photons, �(E0; �), emitted by low
energy, (� 1 MeV), electron bremsstrahlung, with no
atomic shielding, is described by the relation [3] [4]
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with C = (Z2=137)(e2=mc2)2. The angular distribution
is approximately

d�

d!
� [sin(�=2)]�4;

which is similar to Rutherford scattering. Electrons
of this low energy are moving somewhat isotropically
through the copper because multiple scattering angles
for copper are very large.

D. Photon Absorption

Low energy photons are scattered and absorbed in ma-
terials. For small emittance beams in good geometry
con�gurations an exponential absorption of x ray pho-
tons describes attenuation,

N (x) = N0e
��x;

where the mass absorption coe�cient � is a function of
photoelectric, compton and pair production cross sec-
tions. The absorption coe�cients for di�erent materi-
als are tabulated as a function of energy in a number of
sources [5] [6]. This parameterization of attenuation is
not accurate, however, if the scattered photons or recoil
electrons are considered, since the secondary photons, ne-
glected in the exponential absorption, can carry most of
the energy of the primary photon. Thus most problems
are usually solved by Monte Carlo methods.

III. MEASUREMENTS

The radiation uxes were measured using the absorber
method, where a range of of absorbers in a \good" geome-
try were used to �lter the radiation before it hit the detec-
tors. The uxes were measured with thermoluminescent
detectors (TLD's) [11], which have the desirable features
that they have a at detection e�ciency over a very large
range of dose, and a sensitivity which is independent of
the photon energy. The detector, shown in Figure 1, uses
lead collimators to separate the uxes through di�erent
apertures. While the TLD's provided a very large dy-
namic range and good sensitivity, the readout required
at least one day, which complicated the analysis.

100 cm Air
Trans.

  t = 300 µ

Eγ, MeV

0.125” Al
0.045” Cu

0.039” Ta

300 µ Be

96 cm

Be window
  d = 2.75”

1.3 Ghz Cavity
E < 110 MV/m Collimator

Sweeping
Mag. B < 0.1T TLD Detectors

Absorbers

Sol: B ~ 0.5 kG.

G10Saran
Wrap

Abs.

TLD 
Chip

FIG. 1. The apparatus used for the x ray spectrum mea-
surements.

The cavity used was a 1.3 GHz rf electron gun built
by the Taiwan Synchrotron source [12]. This gun can
be operated at a comparatively high electric �eld of 130
MV/m surface �eld. A thin, (300 �m), Beryllium win-
dow was used in the forward direction to transmit a min-
imally attenuated x-ray ux forward to the detectors. A
sweeping magnet permitted measurements of the elec-
tron component of the beam. The detector, had �ve ab-
sorber/detector cells separated by 4 cm. A similar detec-
tor was used at 90 degrees to measure the ux transmit-
ted by the cavity walls at large angles. The spectrum was
produced by subtracting the dose from detectors with dif-
ferent absorbers, and assuming the mean energy of the
part of the spectrum that was isolated. Measurements at
two angles were not made at the same time.
Radiation doses measure absorbed energy and, for ex-

ectrons and photons which have radiation weighting fac-
tor wR = 1, with 1 sievert = 1 gray = 1 joule/kg, with
1 rad =1 rem = 0.01 gray [10]. For low energy electrons
and photons, these produce the relations:

Dose [rem/h] = 1.6 �10�6 � [MeV cm�2s�1],
and
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Dose [rem/h] � 1.6 �10�4 �e [electrons cm�2s�1].

The calculated radiation ux, in photons/cm2/pulse,
at zero and 90 degrees are shown in Figures 2 and 3, as-
suming all the radiation dose is due to photons. At higher
energies the data are consistent with the spectrum pro-
duced by the EGS4 Monte Carlo, described below, but
at low energies, both small and large angles show a sig-
ni�cant excess due to the electron component which has
both short range and higher ionization. The normaliza-
tion of the Monte Carlo results is the same in Figures
2, 3 and 6 to permit easy comparison of the data. The
low energy component was sensitive to the �eld in the
sweeping magnet, whereas the high energy component
was not.
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FIG. 2. X ray ux at zero degrees.
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FIG. 3. X ray ux at 90 degrees.

The electric �eld dependence of the radiation was mea-
sured both by placing a SmartION [13] dosemeter near

the cavity and by measuring the spectrum with TLD's
and absorbers. These measurements were primarily done
at 90 degrees to the cavity axis. The results using the
dosimeter are shown in Figure 4, �tted to a curve of the
form D / E9:6 to show the dependence on electric �eld
E. The E9:6 dependence on electric �eld is common at
many facilities, and was seen during the tuneup of LEP
cavities in CERN [2].
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FIG. 4. Dose rate as a function of RF �eld at 90 degrees
from the axis.

Since the dark current backgrounds are large, it is de-
sirable to understand how uniformly the electron and x-
ray uxes were distributed from pulse to pulse and within
the rf pulse length. (Uniform backgrounds would be eas-
ier to subtract.) We intend to continue taking data with
an 805 MHz 5 cell cavity running at somewhat lower elec-
tric �elds.

IV. ANALYSIS

The program EGS4 [14] was used to simulate the pro-
duction spectrum for low energy photons from electrons
of a few MeV. Typical results for electrons on copper are
shown in Figure 5, which shows the angular and energy
distribution of secondary photons from low angle 2 MeV
electrons. The angular distribution is roughly at, as is
the energy distribution on a semi-log axis. The upper
limit on photon energy is given by the bremsstrahlung
spectrum for the 2 MeV electrons, and the lower energy
is given by the absorption of these photons in the cop-
per. The comparatively at angular distribution is due
partially to the large multiple scattering experienced by
low energy electrons. These simulations were used to
compare the data taken in Figures 2, 3 and 6.
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FIG. 5. EGS4 predictions of secondary photons.

When the low energy data points in Figure 2 are re-
analysed assuming that the low energy signal is composed
primarily of electrons, and the detectors operate as a
range telescope, one obtains results like those in Figure
6, which show an intense local ux of electrons on axis
which can produce signi�cant radiation doses. Since the
absorber geometry was optimized for low emittance pho-
ton beams rather than low energy electrons the analysis
assuming electron ranges introduces some systematic er-
rors. The spectrum shape is changed because a given
radiation dose is produced by a lower ux of electrons
than photons, and a correction must be made for elec-
trons which have multiple scattered out of the beam.
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FIG. 6. Measurements of the dark current spectrum.

A. General Applicability

In principle, radiation uxes measured for one cavity
might not be generally applicable since cavities operate
under a variety of conditions. One can, however, calcu-
late the local ux of photons and electrons approximately
from the radiation level measured outside the shielding,
and then multiply this by the attenuation factor in the
shielding, giving the total ux of photons in the cavity
region. At low energy, where the uxes are somewhat
isotropic, n = 4�R2� , which is produced by ne dark
current electrons, where ne = (re=LR)n , giving an in-
stantaneous current of Id = qne=�t, where �t and q are
the rf pulse length and electron charge. We assume that
this current can produce electrical breakdown by means
of a thermal avalanche, and this avalanche process will
be fairly similar from one cavity to another.

B. Minimizing Dark Currents and X-Rays

The two methods of reducing the dark current and
x-ray uxes are to reduce the electric �eld near the sur-
face which should reduce the ux by a factor like E9:6,
(as shown in Figure 4), and to treat the surface chemi-
cally to minimize dark current production, which should
also have a signi�cant e�ect. Coatings such as TiN, CaF
and CaN have been considered [15], in addition to many
of the techniques used for superconducting cavities [8].
In addition it seems desirable to decrease the resolution
time, since the dark currrent and x-ray signal should be
proportional to the resolution time.

V. CONCLUSIONS

The x-ray and dark current uxes from rf cavities can
limit the permformance of ionization sensitive detectors
placed near them. It may be possible to reduce these
uxes by use of lower electric �elds and/or di�erent sur-
face treatments on the rf surfaces and reducing the resolv-
ing time of the detectors should reduce the background
by about the same amount. This program will continue
using an 805 MHz cavity at Fermilab.
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